The study area has three sand accumulations: Two in Wadi Fatmah and one in Wadi Ash Shumaysi, midwest of Saudi Arabia. The spatial extents of these sand accumulations have significantly increased over the last few decades. Multi-source satellite imagery, such as CORONA (1967, 1972), SPOT 5 (2013), LandSat TM (1986), and LandSat 8 OLI (2013), enabled monitoring and analysis of the interplay between the changes in the anthropogenic activities and spatial expansion of the areas of sand accumulation. The main driving force of the spatial expansion could be strongly linked to extensive changes in the anthropogenic regimes in the middle zone of Wadi Fatmah and its surrounding landforms and mountain masses. In this context, the once dominant agricultural lands of the middle zone of Wadi Fatmah have been transformed into abandoned agricultural areas. Extensive off-road driving has resulted in soil degradation. Excavation and mining activities for urban spatial expansion are widespread over the valley floor, the adjacent bajada, and the mountain blocks. These anthropogenic activities have remarkably induced strong wind erosion of the soil in severe arid conditions in the middle zone of Wadi Fatmah and Wadi Ash Shumaysi. Wind erosion has eventually produced a sufficient sand budget to be transported into the areas of sand accumulation. The primary consequence of the excess sand budget has been an increase in the spatial extents and dune migration rates of sand accumulations in the study area. However, this increase varies from one sand accumulation to another. In this study, we used multi-source remote sensing imagery and the state-of-the-art COSI-Corr technology to characterize sand accumulations in the study area and to determine the spatio-temporal changes in both the spatial extents and the dune migration rates. The mean annual migration rates of sand dunes in the three sand accumulations ranged from 5.5 and 7.2 to 8.6 m/yr. Analysis of the spatial extent and migration rates of sand accumulations indicates that the study area may have experienced desertification in response to changes in the anthropogenic regimes through the last few decades. coastal areas [2], low-land depressions [3, 4] , and over valley floors in a mountainous landscape [5] . Dune fields in mountainous landscapes normally exist in association with major wide valleys and move against or into the foothills of mountain escarpments [5, 6] . Topography, landforms, and the vegetation cover of the mountain landscape, along with human activities, can all play a critical role in controlling wind and sand supply characteristics.
Introduction
In response to sparse vegetation cover and the availability of sand supply, wind acts in arid regions to form sand accumulations [1] . They can develop in a variety of local environments, such as 
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Data Acquisition and Preparation
We used different multi-source remotely sensed data in this research-namely, CORONA, SPOT 5, ASTER, Landsat images, and digital elevation model (DEM). The intelligence project CORONA, which was declassified in 1990 [61] , provides a potential historical source for long-term earth observation. For this research, CORONA images taken in 1967 and 1972 were acquired over the study area. As a panchromatic image, automatic extraction of the land features cannot be done using such 
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Data Acquisition and Preparation
We used different multi-source remotely sensed data in this research-namely, CORONA, SPOT 5, ASTER, Landsat images, and digital elevation model (DEM). The intelligence project CORONA, which was declassified in 1990 [61] , provides a potential historical source for long-term earth observation. For this research, CORONA images taken in 1967 and 1972 were acquired over the study area. As a panchromatic image, automatic extraction of the land features cannot be done using such data [62] ; thus, CORONA images were only used to visually delineate the spatial characteristics of the various spatial features, such as morphological and human features in the past. We used a SPOT 5 image acquired in 2013 from the King Abdulaziz City for Science and Technology (KACST) to monitor the changes of the spatial distribution and extent of sand accumulations over the last decades in the study area. The Landsat Thematic Mapper (TM) of 1986 and the Landsat Operational Imager (OLI) of 2013, acquired from the United States Geological Survey (USGS) Global Visualization (GloVis) site, were used for visual interpretation. Heads-up digitizing of the various morphological features, such as sand accumulations, landforms, and human-made features, was carried out using both CORONA and SPOT 5 images. Topographic analysis of the study area was conducted as well, using 1 arc sec digital Elevation model (DEM) acquired by the Shuttle Radar Topography Mission (SRTM). The migration rates of sand dunes of the various sand accumulations in the study area were determined using five ASTER images of a spatial resolution of 15 m that were collected from the United States Geological Survey (USGS) Global Visualization (GloVis) site. These images were acquired in November 2011, 2012, and 2013, and September 2014 and 2015. Table 1 presents the technical specifications of the acquired ASTER images. They have almost similar pointing and orientation angles, which is suitable for achieving successful correlation results. Finally, we obtained meteorological data on the study area between 1985 and 2014 from the General Authority of Meteorology and Environmental Protection, KSA. 
Determination of Dune Migration
All ASTER images were accurately ortho-rectified for eventual sub-pixel spatial cross-correlation using the typical processing chain of COSI-Corr technology. The COSI-Corr is a plug-in ENVI ® digital image processing software. The ortho-rectification process involved careful selection iteratively of the tie points between a previously ortho-rectified image and a slave image (the raw image) [63] . The tie points were then converted into ground control points (GCPs) and eventually optimized using the reference image, a free sinks Shuttle Radar Topographic Mission digital elevation model (DEM), and the ancillary file of each image containing the various parameters of ASTER LA1 sensor system to produce five ortho-rectified images ( Figure 2 ). After the ortho-rectification processes, the COSI-Corr correlation engine was then automated to correlate the ortho-rectified images consecutively. In this way, we arrived at four correlation pairs: 2011-2012, 2012-2013, 2013-2014, and 2014-2015 . For each pair, we adopted the same correlation parameters, which were multi-scale window sizes ranging from 64 to 32 pixels, and a 2-pixel shifting step between the sliding windows. The correlation of each pair produced a horizontal displacement image comprising three bands: East-west displacement band, north-south displacement band, and signal-to-noise ratio band. To remove the noise values from the displacement bands and the signal-to-noise ratio band, we applied the non-local means filter [64] . The pixels of the east-west (E-W) and the north-south (N-S) displacement bands comprised values and signals. The values refer to the pixel displacement between the master and slave images of each correlation pair, while the signals denote the direction of such displacement. For instance, the positive values indicate the amount of pixel displacements in the east and north whereas the negative values indicate the amount of pixel displacements in the west and south. The east-west and north-south displacement bands were integrated to calculate the net annual migration rates, using the approach proposed by Necsoiu, Leprince, Hooper, Dinwiddie, McGinnis, and Walter [57] . In addition, we carried out two days of fieldwork to explore the data extracted from visual interpretation and to collect signals of land degradation, such as soil cracks. Figure 3 presents a flowchart demonstrating the whole approach adopted to achieve the aims of this research. between the master and slave images of each correlation pair, while the signals denote the direction of such displacement. For instance, the positive values indicate the amount of pixel displacements in the east and north whereas the negative values indicate the amount of pixel displacements in the west and south. The east-west and north-south displacement bands were integrated to calculate the net annual migration rates, using the approach proposed by Necsoiu, Leprince, Hooper, Dinwiddie, ts a flowchart demonstrating the whole approach adopted to achieve the aims of this research. 
Results
Climatic Parameters of the Study Area
The study area is characterized by a typical desert environment where the temperature is high and rainfall is low [65] . The climatic investigation carried out on the study area indicated the dominance of arid conditions. The mean annual temperature rates ranged from 24.8 to 38.2 °C. 
Results
Climatic Parameters of the Study Area
The study area is characterized by a typical desert environment where the temperature is high and rainfall is low [65] . The climatic investigation carried out on the study area indicated the dominance of arid conditions. The mean annual temperature rates ranged from 24.8 to 38.2 • C. Summer is characterized by the highest seasonal values of temperatures ( Figure 4 ). The mean of the minimum temperature of summer was 29.2 • C, whereas the mean of the maximum temperature of summer was high, reaching 43.2 • C. On the other hand, the mean seasonal rates of the temperature in winter ranged from 19.5 to 31.5 • C. Al-Harbi [66] used the temperature data collected from all climatic stations located within and around the Wadi Fatmah drainage basin to produce a distribution map of the temperature. The map demonstrated that the highest temperature values were limited to the middle zone of the Wadi Fatmah basin, which is where our study area is located. Rainfall is another factor that controls arid conditions in a given geographic area. Spatially, the amount of rainfall significantly varies in the Wadi Fatmah drainage basin. It increases in the upstream reaches where elevations are high, and decreases downstream [67] . The rainfall in the upstream reaches exceeds the arid rainfall threshold, reaching~279 mm/year [67] . On the other hand, the middle area of Wadi Fatmah basin where the study area is located is characterized by limited rainfall amounts ranging from 80 to 100 mm/year [66] [67] [68] (Figure 4 ). The limited amounts of rainfall associated with high temperature values outweigh the opportunity for arid conditions to dominate in the study area. This setting could potentially be affirmed by the recorded high evaporation rates. The recorded annual rate of evaporation was 3560 mm/year [66] , which exceeds many times the precipitation rate in the study area, denoting strong arid conditions. These conditions could potentially result in a significant water deficit [69] . In this context, wind action transports sand fragments to the study area and deposits them there. Exploration of wind data records indicated that the study area experiences an unidirectional wind regime from the north direction ( Figure 5 ). The northern wind strongly increases in summer, winter, and spring in the order of~83%, 62%, and 59%. In autumn, the northern wind decreases to 32% in favor of the southern and southwestern winds, which record 45% and 23% of the total wind, respectively [66] . In addition to the arid conditions that trigger strong aeolian processes, geomorphic features have also helped initiate and develop sand accumulations in the study area. 
Morphology of the Study Area
The study area comprises various geomorphic landforms, including mountain ridges, folded mountains masses, isolated hills, bajada, and alluvial plains ( Figure 6 ). The mountain ridges are located in the east, southeast, and southwest of the study area. Lithologically, the mountain ridges mainly comprise hard basement rocks of granitic composition along with metamorphic rocks, such as schists and gneisses. The majority of the mountain ridges are structurally controlled, and aligned either in the NE-SW, N-S, or E-W directions ( Figure 6 ). The ridges are considerably eroded to various extents, and mainly separated from each other by intermittent streams ( Figure 6 ). The SW mountain ridges are separated from the SE mountain ridges by a structurally controlled wide depression, which is known locally as Wadi Ash Shumaysi ( Figure 6 ). The depression trends in the NW-SE direction and is filled with alluvial deposits transported from the adjacent eastern and western mountain blocks by infrequent surface runoff. To the north and almost perpendicular to the trend of Wadi Ash Shumaysi lies the alluvial plain of Wadi Fatmah. It trends in the NE-SW direction ( Figure 6 ). North to the alluvial plain of Wadi Fatmah, three salient mountain masses occur, which are Jabal Sidr, Jabal Mikassar, and Jabal Daf ( Figure 6 ). These folded mountain masses consist of un-metamorphosed to low-grade metamorphosed sedimentary rocks known as the Fatmah Group [70] . At the foot-slope of each mountain mass, bajada surfaces have been developed as prominent morphologic features in the study area ( Figure 6 ). The bajada surfaces occupy a considerable spatial extent in the order of ~24 km 2 . Although the bajadas occupy extensive areas in front of the three northern mountain masses, 
The study area comprises various geomorphic landforms, including mountain ridges, folded mountains masses, isolated hills, bajada, and alluvial plains ( Figure 6 ). The mountain ridges are located in the east, southeast, and southwest of the study area. Lithologically, the mountain ridges mainly comprise hard basement rocks of granitic composition along with metamorphic rocks, such as schists and gneisses. The majority of the mountain ridges are structurally controlled, and aligned either in the NE-SW, N-S, or E-W directions ( Figure 6 ). The ridges are considerably eroded to various extents, and mainly separated from each other by intermittent streams ( Figure 6 ). The SW mountain ridges are separated from the SE mountain ridges by a structurally controlled wide depression, which is known locally as Wadi Ash Shumaysi ( Figure 6 ). The depression trends in the NW-SE direction and is filled with alluvial deposits transported from the adjacent eastern and western mountain blocks by infrequent surface runoff. To the north and almost perpendicular to the trend of Wadi Ash Shumaysi lies the alluvial plain of Wadi Fatmah. It trends in the NE-SW direction ( Figure 6 ). North to the alluvial plain of Wadi Fatmah, three salient mountain masses occur, which are Jabal Sidr, Jabal Mikassar, and Jabal Daf Figure 6 ). These folded mountain masses consist of un-metamorphosed to low-grade metamorphosed sedimentary rocks known as the Fatmah Group [70] . At the foot-slope of each mountain mass, bajada surfaces have been developed as prominent morphologic features in the study area ( Figure 6 ). The bajada surfaces occupy a considerable spatial extent in the order of~24 km 2 . Although the bajadas occupy extensive areas in front of the three northern mountain masses, they are produced from small catchments ( Figure 6 ). The production of these considerable bajada surfaces from small catchments clearly implies that the three mountain masses are highly erodible surfaces, which could represent potential source areas for detrital sand to be transported by the dominant northern wind in the study area. This hypothesis could be supported not only by the lithologic composition of these mountains but also by the topographic characteristics of the study area. Three N-S topographic transects were extracted from the digital elevation model of the study area ( Figure 7 ). All topographic transects disclose significant variations in the elevation where the northern mountain masses are notably higher than the southern mountain ridges in the study area. The elevation differences, along with the high erodibility of the northern mountain masses, qualify of Wadi Fatmah, more than 100 NE-SW-trending isolated hills exist ( Figure 8 ). Climbing dunes and leeward-extended dunes occur windward and leeward of the isolated hills, respectively. The topographic transects denote that the alluvial plains of Wadi Fatmah and Wadi Ash Shumaysi are undulated surfaces as well (Figure 7) , which qualifies them as potential obstacles against windtransported sands. Over these undulated surfaces, especially in low topography areas, wide areas of bushes (scrub) were monitored using the Corona satellite image acquired in 1972 ( Figure 8 ). The total area of these bushes is ~19 km 2 . The density of the bushes is spatially varied. It increases westward where the main trunk course of Wadi Fatmah exists, and significantly decreases eastward Three N-S topographic transects were extracted from the digital elevation model of the study area ( Figure 7 ). All topographic transects disclose significant variations in the elevation where the northern mountain masses are notably higher than the southern mountain ridges in the study area. The elevation differences, along with the high erodibility of the northern mountain masses, qualify these masses to be potential sources of detrital sand to be transported southward. While the northern mountain masses function as source areas of aeolian sands, the southern mountain ridges with their orientations could efficiently function as topographic obstacles for wind-transported sands (Figure 7 ). In addition, the satellite imagery, field observation, and topographic transects all assert to the presence of many other obstacles for wind-transported sand from the northern mountain masses. One of these potential obstacles is the isolated hills ( Figure 8 ). The role of the isolated hills as obstacles that could initiate and help in the development of various dune forms is well monitored and documented [10, 71] . In front of all mountain ridges that flank the southern edges of the alluvial plain of Wadi Fatmah, more than 100 NE-SW-trending isolated hills exist (Figure 8 ). Climbing dunes and leeward-extended dunes occur windward and leeward of the isolated hills, respectively. The topographic transects denote that the alluvial plains of Wadi Fatmah and Wadi Ash Shumaysi are undulated surfaces as well (Figure 7) , which qualifies them as potential obstacles against wind-transported sands. Over these undulated surfaces, especially in low topography areas, wide areas of bushes (scrub) were monitored using the Corona satellite image acquired in 1972 ( Figure 8 ). where dunes dominate ( Figure 8 ). The topographic maps of 1971 also demonstrate significant agricultural areas in the order of 14 km 2 occupying the middle zone of the Wadi Fatmah alluvial plain around the main course of the trunk valley ( Figures 6 and 8) . The extensive areas of both agricultural and natural vegetation clearly indicate that the alluvial plain was receiving an appropriate water supply that kept the soil moist enough for plants to grow. Maintaining soil moisture would reduce wind erosion, and accordingly minimize the production of wind-transported sands from the alluvial plain of Wadi Fatmah. Therefore, sand supply to the area of sand accumulations was mostly attributed to the elevated and highly erodible mountain masses in the north of the alluvial plain. Under such conditions, the initial sand accumulations developed in the study area ( Figure 6 ). The initial sand accumulations that were determined from the Corona images can be labelled SA1 (sand accumulation 1), SA2 (sand accumulation 2), and SA3 (sand accumulation 3) ( Figure 6 ). The entire spatial extent of all the initial sand accumulations was in the order of 40 km 2 . SA1 is the smallest and SA3 is the largest, extending over 18.7 km 2 . Both SA1 and SA2 occupy low elevations The total area of these bushes is~19 km 2 . The density of the bushes is spatially varied. It increases westward where the main trunk course of Wadi Fatmah exists, and significantly decreases eastward where dunes dominate (Figure 8 ). The topographic maps of 1971 also demonstrate significant agricultural areas in the order of 14 km 2 occupying the middle zone of the Wadi Fatmah alluvial plain around the main course of the trunk valley ( Figures 6 and 8) . The extensive areas of both agricultural and natural vegetation clearly indicate that the alluvial plain was receiving an appropriate water supply that kept the soil moist enough for plants to grow. Maintaining soil moisture would reduce wind erosion, and accordingly minimize the production of wind-transported sands from the alluvial plain of Wadi Fatmah. Therefore, sand supply to the area of sand accumulations was mostly attributed to the elevated and highly erodible mountain masses in the north of the alluvial plain. Under such conditions, the initial sand accumulations developed in the study area ( Figure 6 ).
The initial sand accumulations that were determined from the Corona images can be labelled SA1 (sand accumulation 1), SA2 (sand accumulation 2), and SA3 (sand accumulation 3) ( Figure 6 ). The entire spatial extent of all the initial sand accumulations was in the order of 40 km 2 . SA1 is the smallest and SA3 is the largest, extending over 18.7 km 2 . Both SA1 and SA2 occupy low elevations and slopes in the southern flank of the alluvial plain of Wadi Fatmah. They extend against the NE-SW mountain ridges and the numerous isolated hills in front of these ridges (Figure 8 ). While SA1 and SA2 have developed in front of the mountain ridges in the east of the study area, SA3 has developed in the wide depression of Wadi Ash Shumaysi between the mountain blocks of the SE and SW reaches of the study area. In the depression, a low-energy wind is possibly stimulated, which allows aeolian processes to develop sand dunes on the floor of the depression. Although sand accumulations in the study area occupy different places, they extend in the southeast direction against hillslopes of the mountain ridges and the isolated hills, indicating the impact of the local topographic setting on the dominant northern wind regime. The above characteristics of the climatic and morphologic features have controlled the formation of the initial sand accumulations in the study area. Through the last few decades and in response to massive changes in the anthropogenic changes, these initial sand accumulations have extensively expanded, with significant high rates of dune migration.
Discussion
Anthropogenic Activities in the Study Area
A review of the previous literature, along with an analysis of the available satellite images, might help define the relationship between human activities and the increasing sand budget in the study area over the last few decades. The principal human activity in Wadi Fatmah drainage basin for a long time has been agriculture. Until 40 years ago, Wadi Fatmah valley was the main source of various agricultural crops for the major surrounding big cities, such as Makkah, Taif, and Jeddah [72] . In this context, the middle zone of Wadi Fatmah, in which the study area is located, was producing more than 40% of all the agricultural farms of Wadi Fatmah [73] . The primary source of water for the agricultural and other domestic activities in the middle zone of Wadi Fatmah was the underground water discharged from shallow alluvial aquifers [67, 73] . Water discharge for agricultural activities and associated domestic practices primarily relied on water springs, which were well-known features in the Wadi Fatmah drainage basin. Over the last six decades, the number of these springs has decreased significantly from about 400 to only 5 [73] . The drastically decreasing number of water springs is mainly attributed to a massive unmanaged discharging strategy adopted in the 1970s to meet the domestic fresh-water requirements of Makkah and Jeddah cities. This strategy required the construction of new water wells to discharge fresh water from the alluvial aquifers through water pipelines to these cities [73] . The direct consequence of this water-discharging strategy was the decreasing water level of the alluvial aquifers, and accordingly, the shrinkage of the number of water springs. In addition, the alluvial aquifers have experienced a severe lack of replenishment over the last decades as a result of the construction of the Wadi Fatmah Dam in 1985 ( Figure 6 ). The dam is located at Abu Hasaniyah village where surface runoff of three major upstream sub-basins accumulates ( Figure 6 ). According to the Ministry of Water, Environment, and Agriculture, the dam is designed to store 20 million m 3 of fresh water annually. The surface runoff of these upstream sub-basins was the principal source of replenishment of the alluvial aquifers in the middle zone of Wadi Fatmah drainage basin, including the study area [73] . Under such conditions, water required for agricultural practices has undergone a drastic loss over the last few decades, eventually resulting in the transformation of~19 km 2 of agricultural lands into abandoned agricultural areas (Figure 9 ), allowing the era of land degradation to start. Therefore, vegetation cover has diminished, and deficit soil moisture levels have been sustained [23, [74] [75] [76] . The reduction in both vegetation cover and soil moisture content has resulted in intense wind erosion [22, 23, 25, 26] that has made the sand grains easily detach and be transported by the wind [17] . Visual interpretation of the 1972, 1986, and 2013 images demonstrates a substantial reduction in both natural and agricultural vegetation cover (Figure 9 ). Observations from fieldwork reveal the presence of drought signals, such as soil cracks (Figure 9 ). These cracks are widely distributed in the area of bushes, implying a sustained deficit in soil moisture. These indices could potentially indicate that the study area might have experienced serious drought conditions through the last decades in response to the common arid conditions and the changes in the un-managed and planned anthropogenic changes. Accordingly, most natural vegetation cover has been extensively transformed into mobile sand dunes, while the majority of the agricultural lands have become bare land or been replaced by other anthropogenic activities (Figure 9 ).
In addition, many other anthropogenic activities can increase the rate and amount of sand supply in a given geographic region. These activities may include off-road driving [27] , intense grazing [77] , and excavation for construction purposes [28, 29] . Figure 6 demonstrates the presence of a considerable number of off-roads on both the northern and southern alluvial plains around Wadi Fatmah trunk valley, along with the presence of recent off-roads over the surfaces of the alluvial fans in the northwest of the study area. A comparison of the satellite images discloses a tangible urban spatial expansion either on the valley floor, over the surface of the alluvial fans, or over the mountain masses in the northwest reaches of the Wadi As Shumayi depression (Figure 9 ). Urban spatial expansion over the mountain masses normally requires fragmentation and removal of detrital sediments before urban construction (Figure 9 ). This process of excavation could have released a significant amount of fine sands that may have participated in the expansion of sand accumulations [29] in the study area. The above characterization of the various climatic, morphologic, and anthropogenic activities in the study area shows intense soil erosion constraints that could result in a significant sand supply for aeolian saltation processes [23, 24] . With the increase of the sand supply, the spatial extent of sand accumulations is highly expected [10] , and sand dune development and migration rates can intensify as well [29, 78] . Both the spatial extent and dune movement of the three sand accumulations in the study area were monitored using COSI-Corr technology. the un-managed and planned anthropogenic changes. Accordingly, most natural vegetation cover has been extensively transformed into mobile sand dunes, while the majority of the agricultural lands have become bare land or been replaced by other anthropogenic activities (Figure 9 ). In addition, many other anthropogenic activities can increase the rate and amount of sand supply in a given geographic region. These activities may include off-road driving [27] , intense grazing [77] , and excavation for construction purposes [28, 29] . Figure 6 demonstrates the presence of a considerable number of off-roads on both the northern and southern alluvial plains around Wadi Fatmah trunk valley, along with the presence of recent off-roads over the surfaces of the alluvial fans in the northwest of the study area. A comparison of the satellite images discloses a tangible urban spatial expansion either on the valley floor, over the surface of the alluvial fans, or over the mountain Figure 9 . Multi-source satellite imagery at different dates show significant shrinkage of both agricultural and natural vegetation (row A and B) and spatial urban activities at the expense of the adjacent mountain block (row C).
Dune Migration Rates of Sand Accumulations in the Study Area
The correlation process between five ortho-rectified ASTER images produced four correlation images, which are the 2011-2012, 2012-2013, 2013-2014, and the 2014-2015 images (Figure 10 ). Each correlation image comprises E-W and N-S displacement bands ( Figure 10 ) along with the signal-to-noise ratio (SNR) band. The pixel values of the E-W and N-S bands express pixel displacements between the input ortho-rectified ASTER images. Table 2 demonstrates the descriptive statistics of the pixel values of the E-W and N-S displacement bands. The mean values of pixel displacements of the E-W bands recorded higher values than the N-S displacement bands of all the correlation images ( Table 2 ). In addition, the mean values of the E-W displacements bands are characterized by positive signs whereas the mean values of the N-S displacements values are characterized by negative signs. The mean values and signs of the E-W and N-S bands indicate that the overall pixel displacements tend to be in the southeast. To determine the net annual displacement in the study area, we integrated the E-W and N-S displacement bands of each correlation image using the approach proposed by Necsoiu et al. [79] . The integration produced four images representing the annual rates of pixel displacements in the study area from November 2011 to September 2015 ( Figure 11 ). The figure indicates that the highest values of the annual rates of pixel displacement are associated with the three sand accumulations in the study area, indicating dune migration on an annual scale. The pixel displacements of the three sand accumulation areas were averaged to produce dune field statistics for the purpose of studying the spatial and temporal patterns of dune migration in the study area.
Remote Sens. 2019, 11, x FOR PEER REVIEW 16 of 24 Figure 10 . The E-W and N-S bands produced from the correlation of the ortho-rectified and coregistered ASTER images. Figure 10 . The E-W and N-S bands produced from the correlation of the ortho-rectified and co-registered ASTER images. Figure 11 . The net annual migration rates through the time period 2011-2015 of the three sand accumulations in the study area. Table 3 presents the statistics of dune movements within the three sand accumulations. The table rows represent the spatial changes in the magnitude of the annual rates of dune movements within sand accumulations. The table columns represent the temporal changes in the magnitude of the annual rates of dune movements through all sand accumulations. Table 3 . Statistics of the annual migration rates of sand dunes in the three studied sand accumulations. Figure 11 . The net annual migration rates through the time period 2011-2015 of the three sand accumulations in the study area. Table 3 presents the statistics of dune movements within the three sand accumulations. The table rows represent the spatial changes in the magnitude of the annual rates of dune movements within sand accumulations. The table columns represent the temporal changes in the magnitude of the annual rates of dune movements through all sand accumulations. Spatial variations in the magnitudes of dune movements are a well-known aspect of sand accumulations worldwide. They vary spatially from one dune area to another, and even among individual dunes in the same dune area [80, 81] . This is well demonstrated in the study area where SA2 is characterized by the highest values of the mean annual rates of dune movements (Table 3) , ranging from 7.2 to 10.1 m/year, with an average of 8.6 m/year. The second-highest values of the mean annual rates of dune movements were recorded in SA1, ranging from 6.1 to 8.2 m/year, with an average of 7.2 m/year. The lowest magnitudes of the annual rates of dune movements were measured in SA3, ranging from 4.6 to 6.2 m/year, with an average of 5.5 m/year. Figure 12 clearly expresses the spatio-temporal variations in the mean magnitudes of the annual rates of dune movement in the various sand accumulations. Various implications can be outlined from the analysis of Table 3 and Figure 12 . First, the values of the mean annual rates indicate that sand accumulations in the study area are considered active dune areas of moderate magnitude [82] . Second, although the ranges of the mean annual rates between the three dune areas are limited to a few meters annually, the accumulated magnitudes of the mean annual rates over the four-year interval refer to a significant magnitude of dune movements ( Table 3 ). The accumulated means at the end of the four-year interval were 21.6, 28.9, and 34.4 m for SA3, SA1, and SA2, respectively. Third, the magnitudes of the mean annual rates are characterized by the same spatial pattern annually, where SA2 is always the highest, SA1 is intermediate, and SA3 is the lowest (Figure 12 ). Many factors can be responsible for the spatial pattern of the magnitude of the annual rates. These factors include the spatial locations of sand accumulations and their proximity to sand supply areas. Both SA1 and SA2 are located in the southern reaches of the Wadi Fatmah alluvial plain whereas SA3 is located along Wadi Ash Schumaysi. This exposes SA1 and SA2 of Wadi Fatmah to the predominant northern winds before SA3 of Wadi Ash Shumaysi. Accordingly, SA1 and favorably SA2 have greater opportunity to receive a high sand supply than SA3. In addition, the principal sources of sand supply are more proximal to SA2 and SA1 than to SA3. These sources include the abandoned agricultural areas that are directly located in the northern reaches of these sand accumulations, along with the areas of intensive urban activities and off-road driving. All of these areas represent significant sources of loose sand to be transported by northern winds and deposited where various obstacles are available in the areas of SA1 and SA2. Although SA1 and SA2 have higher magnitudes of dune movements than SA3, SA2 in particular is considered the highest active dune area in the study area. Its spatial extent has expanded remarkably from 15 km 2 , as monitored from the Corona image acquired in 1972, to 26 km 2 , as mapped from the SPOT 5 image acquired in 2013. The vast spatial expansion of SA2 throughout these few decades strongly implies persistent and potential sand transportation rates [83] that have eventually resulted in a high magnitude of dune movement [1] . Fourth, along with the spatial pattern variations in the magnitude of the annual dune movements, the magnitudes of the mean annual rates show a temporal pattern of dune movements through all dune areas ( Figure 12 ). The temporal variations of the mean annual rates of the three dune areas show consistent patterns, which fluctuate between high and low values through the time interval of the study (Figure 12 ). The consistency in the fluctuation of temporal magnitudes of dune movements could potentially point to consistent temporal changes in wind intensity on an annual basis. However, the degree of temporal fluctuation in the annual dune migrations of both SA1 and SA2 is higher than that of SA3 ( Figure 12 ), which could be attributed to variations in the local conditions of wind systems [84] [85] [86] . Finally, although the degree of temporal fluctuation and mean annual rates of dune movements are generally low for SA3 in the first two sequential years, the last two years have higher magnitudes and almost the same degree of fluctuation in the annual rates of dune movements. The relatively high magnitudes of the annual rates of dune movements in SA3 in the last two sequential years could be linked to the accelerated excavation processes in the mountain blocks located in the northwest corner of Wadi Ash Shumaysi.
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The relatively high magnitudes of the annual rates of dune movements in SA3 in the last two sequential years could be linked to the accelerated excavation processes in the mountain blocks located in the northwest corner of Wadi Ash Shumaysi. 
Conclusions
The previous literature and long archived remote sensing images indicate that the study area in the middle zone of Wadi Fatmah was once a dominant agricultural rural community. There was enough water for agriculture to flourish. Soil moisture ensured widespread bushes in the southern bank of the trunk valley of Wadi Fatmah drainage basin. Sand accumulations were limited to areas adjacent to the western mountain block and slowly interfered with bushes westward. Earth observation satellites allowed us to retrieve the spatial features of the landscapes in the study area, and to analyze their spatial relationships. The unmanaged water discharge and water harvesting strategy adopted in the study area along with unplanned agricultural practices represented the main driving forces that resulted in extensive changes in the landscape of the study area. Over the last five decades, surface runoff from the upstream basins of Wadi Fatmah has been controlled by Wadi 
The previous literature and long archived remote sensing images indicate that the study area in the middle zone of Wadi Fatmah was once a dominant agricultural rural community. There was enough water for agriculture to flourish. Soil moisture ensured widespread bushes in the southern bank of the trunk valley of Wadi Fatmah drainage basin. Sand accumulations were limited to areas adjacent to the western mountain block and slowly interfered with bushes westward. Earth observation satellites allowed us to retrieve the spatial features of the landscapes in the study area, and to analyze their spatial relationships. The unmanaged water discharge and water harvesting strategy adopted in the study area along with unplanned agricultural practices represented the main driving forces that resulted in extensive changes in the landscape of the study area. Over the last five decades, surface runoff from the upstream basins of Wadi Fatmah has been controlled by Wadi Fatmah Dam, depriving the alluvial deposits in the middle zone where the study area is located from intermittent water recharge. Extensive pumping of the shallow alluvial aquifers in the area to meet the water requirements of the adjacent big cities has maximized water deficiency as well. Under such circumstances, along with the severe arid conditions, agricultural areas have been abandoned, allowing intensive wind erosion of the soil to occur. These processes have increased sand supply to sand accumulations in the study area. The conversion of the landscape from simple rural agricultural land into a more urbanized landscape has allowed more off-road driving and excavation activities to occur over the alluvial plains and bajada surfaces as well as at the top of the many mountain blocks adjacent to the alluvial plains. These activities have created loose sands capable of being transported by the wind into sand accumulations in the study area, which has resulted in e the spatial extents of these accumulations being enlarged and enabled significant rates of dune migration. These processes indicate that unmanaged and unplanned anthropogenic interferences have caused the environmental system in the study area to be transformed from one state to another. The massive retreat of vegetation cover associated with extensive expansion of sand accumulations that characterize the recent state of the environmental system indicate that the study area may undergo desertification processes. The results of this current research are useful in supporting decision-making processes that may be interested in combating desertification processes and conserving the natural resources in the study area.
